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The relationship between the airflow resistance of granular material and airflow velocity is usually presented in the form of equations or tables (Brooker et al. 1992) . Usually, assumptions are made that airflow resistance is constant in the volume of the material and is independent of the packing structure. Numerous investigations performed recently have shown that such an assumption is not always true. In practice, local changes of the airflow resistance in various areas of grain bulk may cause serious disturbances in processes involving the flow of gases such as aeration, drying, fumigation, or cooling. According to Navarro and Noyes (2002) the values of airflow resistance calculated by means of the proposed equations or taken from tables correspond to clean, loosely packed grain and apply to vertical direction of airflow and, in consequence, are usually lower than in practical conditions. These authors pointed out that the efficiency of the aeration systems depends to a large extent on a uniform distribution of the airflow within the volume of grain.
Early experiments studied the influence of the bulk density (related to porosity) on airflow resistance. Calderwood (1973) in his experiments with rice of different varieties stated that the bulk density modified the airflow resistance in an essential way. Stephens and Foster (1976) conducted their project with corn in a commercial grain silo and found that the use of a grain spreader resulted in threefold increase of airflow resistance. The same authors performed a similar project with wheat and grain sorghum (Stephens & Foster 1978) and reported that the use of a spreader resulted in an increase in airflow resistance to 110% in sorghum, while in the case of wheat airflow resistance increased to 101%. The authors explained the observed effect by the difference in the fine content that was from 1.5 to 2% in the case of sorghum and 0.2% in that of wheat. In the grain bulk containing a higher amount of fines, these filled pores and caused an increase in airflow resistance.
The results of later experiments showed that airflow resistance depended also on the airflow direction. Kumar and Muir (1986) in their tests with wheat and barley stated that with the airflow velocity of 0.077 m/s, the airflow resistance in vertical direction was by as much as 60% higher than that in horizontal direction. Hood and Thorpe (1992) determined the airflow resistance of 10 types of seeds and found that at the airflow velocity of 0.2 m/s, the .3 (2003) recommend for a number of enlisted seeds to use the airflow resistance in horizontal direction of 60 to 70% of that in vertical direction, the code also informed that for some seeds no difference may be observed between the airflow resistance in horizontal and vertical directions. Neethirajan et al. (2006) used X-ray computed tomography to reconstruct the internal structure of the bulk and explained the differences between the airflow resistance in horizontal and vertical directions. The authors tested wheat, barley, flax seeds, peas, and mustard and found that the airspace area is uniformly distributed in both horizontal and vertical directions with grain bulks of spherically shaped kernels unlike with oblong kernels. For wheat, barley, and flax seed, the bulk airpath area and airpath lengths along horizontal direction were by 100% higher than those in horizontal direction, while for pea and mustard bulks the parameters were only 30% higher. The authors concluded that the non-uniform distribution of airpaths and the number of airpaths inside grain bulks were the reasons for the airflow resistance difference along horizontal and vertical directions in many grain bulks. The objective of the project reported here was to estimate the variability of the airflow resistance of wheat due to non-homogeneity of the bulk caused by compaction and the filling method.
MATERIALS AnD METHoDS
The experimental setup using the cylindrical grain column is shown in Figure 1 . A cylindrical acrylic plastic pipe with a diameter of 0.196 m and a height of 1.08 m was used to hold the grain during the testing procedures. Air was introduced through a plenum supporting the bottom of the cylinder. The differential static pressure was measured at a distance of 0.95 m.
Four taps evenly distributed along the column circumference were mounted at both levels and all four were connected to average the possible pressure fluctuations. In the case of testing the longitudinal distribution of airflow resistance three more levels of air taps were used that were evenly distributed between the two. A variable reluctance pressure transducer with accompanying equipment (Validyne DP45, Northridge, CA) applying a diaphragm with maximum pressure rating of 2.25 kPa and accuracy of ± 0.25% full scale was used to measure the pressure drop. Leaving the column, the air flew through the outlet air plenum and through the 0.05 m diameter outlet duct in that air velocity was measured. A commercial hot-wire anemometer was used to measure the air velocity in the range from 0 to 30 m/s with the resolution of 0.1 m/s. Airflow resistance versus air velocity relationships were determined for the apparent velocity in the range from 0.03 to 0.4 m/s. Two replicates of the air-velocity-pressuredrop curve were performed with each variant of the experiment (with emptying and refilling the column) and the results were averaged.
Three methods were used to fill the grain column. The loosest filling was termed "A filling method" and was accomplished using a funnel that was kept 2 cm from the grain surface during filling. In this case, the grain formed a conical sloping surface during filling with the vertex directed upward and the grains tending to rest with their long axes along the line of the cone formed. To obtain a higher bulk density, the outlet of the conical filling hopper was located at the top of the grain column (method "B") or at the height twice of that of the grain column (method "C"). After filling the column, the grain was weighed using a digital scale and the bulk density was calculated.
To obtain higher densities, the test column after funnel filling was placed on a vibrating table and shaken with frequency of 15 Hz and amplitude of 10 mm.
Airflow resistance along three perpendicular directions: two horizontal X and Y, and vertical The airflow direction was changed between X, Y or Z by connecting the supply and outlet air ducts to proper connectors. The sensing element of the anemometer and pneumatic tubing of the pressure transducer were also located in proper positions. The air collectors that were not used in the actual test were closed with elastic membranes, the unused instrument connectors were also plugged. For one filling event, the measurements were made subsequently in Z, X, and Y directions, and the measurement cycle was repeated three times with a new sample of grain. To obtain different structures of the bulk, three filling methods were used as shown in With both filling methods, the chamber was filled by slowly rising up the appliance that was earlier filled with grain, maintaining continuous outflow of the material. The chamber was overfilled and excess material was removed while the upper surface was levelled. The third filling method E used the same funnel that was used in method A but the chamber was filled in 8 steps with compaction of the bulk covered with a plate by 10 taps with 4 kg of mass deadweight after adding each portion of grain. The tests were performed with winter wheat of initial moisture content of 11% and uncompacted bulk density of 773 kg/m 3 .
RESULTS

Influence of the height of filling -cylindrical sample
The influence of the height of filling on airflow resistance is presented in Figure 4 . Filling methods A, B and C produced samples of densities: 773, 790 and 810 kg/m 3 , respectively. The higher kinetic energy of the grain falling from a grater height produced grain bedding of a higher bulk density. An increase in the sample density resulted in an increase in airflow resistance, at the air velocity of 0.3 m/s the pressure drop with the sample of the lowest density was found to be 1.0 kPa/m while with the densest sample it was 1.5 kPa/m. Thus the 1.047 increase in the sample density resulted in 1.5 times increase of the pressure drop.
Longitudinal distribution of airflow resistance in the column
The values of the pressure drop calculated in the laboratory experiments are related to the length of the grain column and do not bring information about the distribution of the pressure drop along the column. Figure 5 shows the pressure drop at the air velocity of 0.3 m/s as measured in four sections of the grain column in the case of grain bedding formed by three filling methods. The earlier observed tendency (ASAE D272.3 2003) that a higher density and a higher pressure drop was found with a grater height of the grain fall was confirmed in these tests. In the case of methods B and C, higher pres- Dedicated to the 80 th Anniversary of Prof. Radoš Řezníček sure drops were found for the sections of the grain column situated in lower positions. This effect is the result of higher kinetic energy of grains reaching the free surface of the grain column, and possibly of the pressure of higher layers of grain. In the case of method C, the greatest pressure drop observed in the lowest section of the column was approximately 1.18 higher than the lowest one found in the highest section. In the case of the filling method A, no clear differences in the pressure drop were observed between different sections of grain column. Method A was quasi -static filling through the funnel moving slowly up, thus grains had very low kinetic energy that did not change during the filling of the column. The ratio between the greatest and the smallest pressure drops for the tests results given in Figure 5 was found to be 1.65.
Consolidation of the bulk by vibration -cylindrical sample
The compaction of the bedding by vibration resulted in an increase of airflow resistance as shown in Figure 6 for filling methods A and C and for the air velocity of 0.3 m/s. The pressure drops after vibration were found approximately equal for the bedding in particular sections of the column, thus the highest increase in the pressure drop occurred in the lowest quarter of the column. The ratio of the pressure drops after and before vibration was found to be 1.34 and 1.29 for C and A filling methods, respectively. The vibration, as applied in the reported project, resulted in an increase of airflow resistance in an order of 30% but did not eliminate the influence of the filling method. Originally looser samples gained more airflow resistance after vibration than originally denser samples.
Influence of filling method on pressure drop in vertical direction -cubical sample
Similarly to the tests with the cylindrical column, various filling methods resulted with the cubical chamber in various densities and pressure drops. Method D resulted in the lowest bulk density of 766 ± 1 kg/m 3 , while the highest density, 831 ± 0.35 kg/m 3 , was the density obtained with method E. The changes in density resulted in various airflow resistance of the bulks of wheat. Figure 7 illustrates the relationships of the pressure drop at the distance of 0.25 m versus the airflow velocity in vertical direction Z with the samples formed using the three filling methods. The pressure drop increased with an increase in bulk density, and with the airflow velocity V of 0.3 m/s ∆p it was found to be 100 ± 2 Pa for filling method D, while in the case of method E it was found to be 171 ± 1 Pa, that is 1.7 times higher.
Pressure drop in vertical and horizontal directions -cubical sample
In all tests performed, the airflow resistance in vertical direction Z was found to be higher than in horizontal directions X and Y, the finding being in accord with the results of other researchers. The relationships ∆p(V) for filling method F and two directions of the airflow, vertical Z and horizontal Y, are shown in Figure 8 . In the whole range of the airflow velocity, the curve of ∆p(V) for vertical direction runs above the curve obtained for horizontal direction. With the airflow velocity of 0.3 m/s, the pressure drop found in Y direction was 61 ± 2 Pa, while in Z direction it was 119 ± 3, that is 1.95 times higher. Figure 9 illustrates ∆p(V) relationships determined for two horizontal directions X and Y with D, E, and F filling methods. The lowest one found was the airflow resistance in direction Y posed by the bulk formed using method F. The relationships ∆p(V) with method D were slightly higher and very close for X and Y horizontal directions. Also in the case of filling method E that produced the highest airflow resistance, the courses of ∆p(V) relationships were close to one another. These results showed that axial filling using methods D and E produced grain samples nearly axial-symmetric. In the case of filling method F, the pressure drop in direction X was grater over the whole range of velocity than that in direction Y (see Figure 9 ). In this case, at the airflow velocity of 0.3 m/s, the pressure drop found in Y direction was 61±2 Pa, while in X direction it was 90 ±1, that is approximately 1.5 times higher. Method F that used the wedge shaped filling container produced the grain sample that was not axially symmetric. Subsequent layers of grain moved down the surface of the natural repose, their velocity was approximately perpendicular to X axis, and in this direction the airflow resistance was higher than in Y direction. 
